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Abstract 

Thermodynamics  experiment  and  study  were  carried  out  for  the  lithium-ion  (Li-ion)  batteries  that  are  expected  as  the  power  sources  for 
electric  and  hybrid  vehicles.  It  is  confirmed  that  the  heat  coming  in  and  going  out  depend  on  charging  and  discharging,  respectively.  And  the 
thermal  generation  factors  will  be  decomposed  to  three  elements:  reaction  heat  value  Qr,  polarization  heat  value  Qp,  and  Joule  heat  value  Qj. 
Furthermore,  the  contribution  degree  of  each  factor  was  able  to  be  expressed  quantitatively  by  dividing  these  thermal  generation  factors  for 
charging  and  discharging. 

The  accuracy  of  thermodynamics  logic  was  verified  since  the  thermodynamics  calculation  coincided  with  the  experimental  data  of 
thermal  generation  for  the  practical  Li-ion  batteries  for  electric  vehicles  (EV).  It  is  possible  to  utilize  the  calculation  and  simulation  for  the 
development  of  Li-ion  battery  and  the  establishment  of  thermal  control  technology  not  only  for  EV  but  also  for  hybrid  electric  vehicles 
(HEV).  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  active  development  of  electric  vehicles  (EV),  hybrid 
electric  vehicles  (HEV),  and  fuel  cell  vehicles  (FCV)  has 
been  accompanied  by  leaps  in  battery  technology  as  applied 
to  energy  storage.  Particularly  high  expectations  are  being 
placed  on  advances  in  high-performance  nickel-metal 
hydride  (Ni-MH)  batteries  and  Li-ion  batteries.  Ni-MH 
batteries  offer  superior  performance,  reliability,  and  safety, 
and  are  already  on  the  market  in  the  Honda  EV  Plus  released 
4  years  ago  and  the  HEV  Insight  released  1  year  ago. 

Heat  control  is  an  important  issue  in  Ni-MH,  Li-ion,  and 
other  batteries,  which  are  susceptible  to  the  effects  of  heat. 
Temperatures  above  50GC  will  lower  the  charging  efficiency 
or  lower  the  longevity  properties  of  these  batteries.  Thermal 
management  must  also  take  battery  reactions  and  thermal 
generation  factors  into  account,  as  exothermic  behavior  can 
vary  greatly  depending  on  the  battery  system. 

However,  there  are  almost  no  papers  that  discuss  the 
thermal  behavior  of  batteries  from  a  thermodynamic  per¬ 
spective  [1,2].  Only  one  existing  report  quantitatively  ana¬ 
lyzes  the  thermal  behavior  of  Ni-MH  batteries  [3].  Working 
from  this  report,  the  author  focuses  on  Li-ion  batteries, 
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which  are  expected  to  have  expanded  application  in  the 
future,  with  the  goal  of  clarifying  the  exothermic  mechanism 
through  analysis  of  thermal  generation  factors,  and  deter¬ 
mining  the  proper  approach  to  thermal  management  for 
Li-ion  batteries. 


2.  The  operating  principle  and  characteristics 
of  Li-ion  batteries 

A  Li-ion  battery  generally  comprises  a  positive  electrode 
of  lithium  cobalt  oxide  (LiCo02),  lithium  manganese  oxide 
(LiMn02  or  LiMn204),  or  lithium  nickel  oxide  (LiNi02),  or 
a  hybrid  material  comprised  thereof,  a  negative  electrode  of 
hard  carbon  or  graphite,  an  electrolyte  of  a  non-aqueous 
solvent  comprising  ethylene  carbonate  (EC)  or  propylene 
carbonate,  and  LiPF6  as  a  supporting  electrolyte.  These 
charging  reactions  of  this  battery  type  are  expressed  with 
Eqs.  ( 1)— (3)  below. 

Positive  electrode  ;  LiCo02  — >  Li  |  vCo()2  +  xLi+  +  xe 

(1) 

Negative  electrode  :  C  +  xLi+  4-  .re  — >  CLi*  (2) 

Whole  reaction  :  LiCo02  +  C  — >  Li  |  _tCo02  +  CLi  , 
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Nomenclature 

A  frequency  factor 

C  battery  heat  capacity 

activation  energy 

Ee  battery’s  electromotive  force 

F  Faraday  constant 

AG  change  in  Gibbs’s  free  energy 

AH  enthalpy  change  of  the  battery  reaction 

7C  battery  charge  current 

7d  battery  discharge  current 

K  electrode  degradable  reaction  rate 

Q  quantity  of  heat 

<2C  charge  heat 

<2d  discharge  heat 

Q j  Joule  heat 

<2P  polarization  heat 

Q,  reaction  heat 

<2S  side  reaction  heat 

<2t  total  battery  heat 

R  gas  constant 

7?e  electrical  resistance 

Rp  polarization  resistance 

Rpc  polarization  resistance  during  charge 

Rpd  polarization  resistance  during  discharge 

R,  battery  total  resistance 

Rtc  battery  resistance  during  charge 

Rtd  battery  resistance  during  discharge 

A  .S'  entropy  change 

T  absolute  temperature 

7’  thermal  radiation  temperature 

W  battery  output 


In  short,  these  are  solid-state  reactions  in  an  intercalation 
mechanism  in  which  (Fig.  1)  the  negative  electrode  occludes 
lithium  ions  during  charging,  while  the  positive  electrode 
occludes  lithium  ions  during  discharging. 

The  use  of  electrode  active  materials  that  are  lighter  than 
those  in  lead-acid  batteries  or  Ni-MH  batteries  results  in  the 


LiMn204 

positive  electrode 


Fig.  1.  Crystal  structures  of  lithium  cobalt  oxide  and  lithium  manganese 
oxide  as  the  positive  active  material  and  carbon  material  as  the  negative 
material. 


characteristically  large  energy  density  per  weight  of  Li-ion 
batteries.  This,  combined  with  their  large  volume  energy 
density,  is  why  Li-ion  batteries  have  replaced  Ni-MH 
batteries  in  almost  all  computers  and  mobile  phone  applica¬ 
tions.  The  next  logical  step  is  to  develop  technology  for  large 
Li-ion  batteries,  with  the  development  of  such  batteries  for 
EVs  and  HE  Vs  is  gaining  momentum. 


3.  Impact  of  the  thermal  action  of  Li-ion  batteries 

The  performance  of  nearly  all  types  of  secondary  batteries 
is  normally  degraded  by  the  thermal  action.  At  low  tem¬ 
peratures,  output  falls  primarily  because  of  the  electrolyte’s 
decrease  in  electric  conductivity,  while  high  temperatures 
often  lower  the  battery’s  longevity.  As  an  example,  data  from 
the  heat-induced  capacity  degradation  of  a  Li-ion  battery  for 
a  1.25  Ah  of  Sony  18650  cylindrical  type  appliance  are 
given. 

The  experiment  conditions  were  defined  as  an  ambient 
temperature  of  25°C,  2.5  h  total  of  charge  time  at  a  1  A 
constant  current  and  a  4.2  V  constant  voltage,  discharging  at 
a  constant  current  of  1,  2,  3,  and  4  A,  and  a  final  voltage  of 
2.5  V.  There  was  10  min  rest  time  after  charging  and  dis¬ 
charging,  and  the  entire  process  from  charge  to  discharge 
was  defined  as  one  cycle.  Fig.  2  gives  the  relationship 
between  cycle  count  and  capacity  ratio  at  each  current  value 
in  this  experiment.  Fig.  3  shows  the  relationship  between 
current  value  and  average  battery  temperature  during  dis¬ 
charge. 

Because  of  the  safety  issues  that  still  preclude  experi¬ 
mentation  that  would  intentionally  induce  temperature 
increases  in  a  large-sized  Li-ion  battery  for  electric  and 
hybrid  vehicle  application,  data  from  appliance  batteries 
were  used  instead.  However,  exothermic  mechanisms  and 
effects  are  essentially  the  same. 

In  Fig.  3,  the  lower  battery  temperature  during  4  A 
discharge  than  at  3  A  discharge  is  caused  by  the  shorter 
discharge  time  at  4  A.  Therefore,  the  minimum  voltage  of 
2.5  V  was  reached  and  the  next  cycle  was  begun  before  the 


Fig.  2.  Change  of  the  capacity  ratio  for  each  discharge  current  for  Sony 
18650  cylindrical  Li-ion  batteries. 
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Discharge  current  (A) 

Fig.  3.  Relationship  between  the  discharge  current  and  the  battery 
temperature  rising. 

battery  temperature  could  rise  keeping  battery  temperature 
relatively  low. 

Let  us  next  consider  degradable  rate.  The  primary  causes 
of  degradation  are  most  likely  electrode  bulk  degradation, 
growth  of  electrode  surface  film  and  changes  in  composi¬ 
tion,  and  the  accompanying  electrolyte  decomposition.  As 
Eqs.  (4)— (12)  show,  degradation  progresses  due  to  the 
complex  interaction  of  multiple  reactions  [4-10],  However, 
the  quantitative  degradation  mechanism  has  not  yet  been 
clarified. 


HCOOCH3  ->  HCOOLi  +  alkanes 

(4) 

HCOOCH3  CH3COLi  +  C02  +  H2 

(5) 

EC  ->  (CH2OC02Li)2  +  CH2=CH2 

(6) 

ROC02Li  +  H20  ROH  +  C02  +  Li2C03 

(7) 

H20  ->  LiOH  +  H2  ->  Li20  +  H2 

(8) 

HCOOCH3  +  LiOH  -►  HCOOLi  +  CH3OH 

(9) 

CH3OH  -►  CH,OLi  +  H2 

(10) 

LiPF6  3LiF  +  PF3 

(ID 

PF3  -►  LivPFv  +  LiF 

(12) 

At  the  same  time,  the  electrode  degradable  reaction  rate 
can  be  expressed  with  Eq.  (13)  for  any  degradation  mechan¬ 
ism  as  above. 


K  =  \  (13) 

nF 

where  K  is  the  electrode  degradable  reaction  rate  (mol/s),  I 


the  current  value  consumed  by  degradation  (A),  n  the 
reaction  order,  F  the  Faraday  constant  (9.64846  x  io4  c/ 
equiv.).  To  calculate  the  electrode  degradable  reaction  rate 
using  Eq.  (13),  capacity  at  the  point  where  initial  capacity 
has  dropped  by  20%  (this  point  is  defined  as  cycle  life)  is 
divided  by  the  total  amount  of  time  elapsed  throughout  the 
cycle  life,  thus  arriving  at  the  current  value  that  is  consumed 
by  battery  degradation.  As  reaction  order  (n)  is  either  1  or  2, 
as  in  Eqs.  (4)— (12),  Eq.  (13)  is  used  to  calculate  the 
degradable  reaction  rate  at  each  temperature  for  each  reac¬ 
tion  order.  The  results  are  in  Table  1. 

Defining  activation  energy  as  Ed  (kJ/mol),  gas  constant  as 
R  (8.31451  J/K  mol),  and  frequency  factor  as  A  (A/mol  s), 
Arrhenius  equation  can  be  expressed  as  in  Eq.  (14). 

lnA'  =  — +  lnA  (14) 

RT 

Eq.  (14)  can  then  be  used  to  logarithmically  convert  de¬ 
gradable  reaction  rate  K  from  the  inverse  of  battery  absolute 
temperature.  These  results  are  plotted  in  Fig.  4.  This  approx¬ 
imation  equation  verifies  that  correlation  coefficient  R  is 
0.987,  suggesting  good  correlation.  Thus,  the  mechanism 
by  which  degradation  is  effected  by  temperature  change  can 
be  approximated  using  degradable  reaction  rate  K. 

Eq.  (14)  yields  the  following  values:  Ed  =  150.6  kJ/mol, 
A„=  i  =  3.643  mol/s,  A„= 2  =  3.500  mol/s.  Here,  activation 
energy  refers  to  Ed  in  Fig.  5,  and  is  the  potential  energy 
barrier  that  must  normally  be  overcome  for  the  reaction  to 
proceed.  In  other  words,  it  is  the  energy  needed  for  the 
degradation  reaction  to  occur  in  the  Li-ion  battery. 

At  low  temperatures,  the  electrode  surface  in  a  Li-ion 
battery  is  relatively  stable,  as  indicated  by  the  energy  level  in 
Fig.  5  (the  broken  line).  At  higher  temperatures,  however, 
the  potential  energy  level  rises  to  the  energy  level  indicated 
by  the  solid  line.  In  this  state,  the  smaller  difference  relative 
to  the  potential  energy  in  the  activated  state  makes  it  easier 
for  the  peak  in  the  illustration  to  be  exceeded,  at  which  point 
the  degradable  reaction  rate  speeds  up. 

Reaction  energy  when  n  =  1  is  roughly  the  same  as  when 
n  =  2,  but  frequency  factor  A  exhibits  different  values.  This 
represents  the  differing  frequency  of  the  various  reactions  in 
Eqs.  (4) — (12),  and  is  also  seen  as  a  result  of  complex 
degradation  reactions. 

The  preceding  shows  how  battery  temperature  is  a  major 
determinant  of  degradation.  Next  is  an  in-depth  analysis  of 
the  exothermic  mechanism  operating  during  charge  and 
discharge  of  the  battery. 


Table  1 

Degradable  reaction  rate 


1(A) 

1 

2 

3 

4 

AT  (°C) 

11.3 

23.7 

35.0 

29.2 

Cycle  number  (oo) 

500 

38 

10 

27 

Degradable  rate:  Kn 

=  1  (mol/s) 

1.25E-09 

1.99E-08 

8.24E-08 

3.23E-08 

Degradable  rate:  Kn 

=  2  (mol/s) 

6.25E-10 

9.93E-09 

4.12E-08 

1.61E-08 
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Fig.  4.  Arrhenius  plot  for  the  practical  Li-ion  battery. 


4.  Analysis  of  the  battery’s  exothermic  mechanism 

A  battery  generally  releases  and  absorbs  heat  during 
charge  and  discharge  reactions.  Because  a  reversible  battery 
maintains  a  thermodynamic  relationship  at  a  constant  tem¬ 
perature  and  pressure,  the  release  of  heat  in  battery  reactions 
can  be  expressed  in  terms  of  AG,  the  change  in  Gibbs’s  free 
energy  equivalent  to  electric  work,  as  in  Eq.  (15) 

AG  =  AH~TAS  (15) 

where  AH  is  the  enthalpy  change  in  battery  reaction,  T  the 
absolute  temperature,  and  AS  the  entropy  change  in  battery 
reaction.  If  the  battery  reaction  progresses  in  reverse,  then 
the  discharge  and  charge  reactions  are  the  reverse  of  one 
another,  and  so  the  intake  and  release  of  heat  is  reversed  as 
well.  T  AS  in  Eq.  (15)  corresponds  to  thermal  energy  in  the 
battery  reaction,  and  is  expressed  as  reaction  heat  value  Qr  in 
Eq.  (16). 

(  5AG\ 

Qr  =  TAS=T(-—j  (16) 

On  the  other  hand,  as  for  AG,  if  Eq.  (17)  holds  true  when 
the  battery’s  electromotive  force  is  Ec,  Faraday  constant  is  F, 


and  charge  number  involved  in  the  battery  reaction  is  n, 
Eq.  (16)  can  be  converted  to  Eq.  (18). 

AG  =  -nFEe  (17) 

Qr  =  nFT(jj^j  (18) 

However,  as  the  battery’s  actual  terminal  voltage  ( E{ ) 
deviates  from  equilibrium  electromotive  force  (i.e.  electrode 
potential)  due  to  electrochemical  polarization  of  the  battery, 
it  is  accompanied  by  heat  generation  Qp,  which  is  the  energy 
loss  due  to  this  polarization.  Qp  is  heat  generation  during 
charge  and  discharge.  The  battery  reaction  also  results  in 
side  reactions,  self-discharge  and  such  due  to  electrolyte 
decomposition,  which  are  manifested  as  thermal  factor  Qs. 
Also  added  is  Joule  heat  Qh  which  is  caused  by  the  battery’s 
electrical  resistance  component.  Total  heat  generation  in  the 
battery  reaction,  Qt,  is  therefore  expressed  with  Eq.  (19). 

Qi  =  Qr  +  Qp  +  Qs  +  Q]  =  nFT  +  Qv  +  Qs  +  Q> 

(19) 

5.  Analysis  of  the  thermal  behavior  of  Li-ion  batteries 

5.1.  Thermal  behavior  during  charge  and  discharge 

The  side  reaction  accompanying  electrolyte  decomposi¬ 
tion  at  the  end  of  the  charge  period  is  an  irreversible  gas 
generation  reaction,  which  results  in  the  generation  of 
flammable  gas.  This  is  an  issue  that  necessitates  control 
in  the  stage  before  this  side  reaction  occurs.  Therefore, 
unlike  a  Ni-MH  battery,  the  term  Qs  is  necessarily  zero. 
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In  actuality,  the  side  reaction  that  accompanies  degradation 
most  likely  generates  minute  quantities  of  heat  as  stated  in 
Section  3,  but  this  amount  is  small  enough  to  disregard  in 
comparison  to  other  quantities  of  heat. 

During  discharge,  the  battery  heat  reaction  component 
(<2r)  is  exothermic,  and  so  heat  stress  caused  by  the  battery 
reaction  is  greater  than  during  charging.  The  addition  of 
Joule  heat  Gj  resulting  from  the  battery’s  electrical  resis¬ 
tance  component  further  increases  heat  generation  during 
discharge.  Although,  this  heat  generation  is  too  large  to 
disregard  in  batteries  having  considerable  self-discharge  and 
such,  the  self-discharge  of  currently  marketed  Li-ion  bat¬ 
teries  is  low  enough  to  disregard  for  the  purposes  of  analyz¬ 
ing  thermal  behavior,  and  so  is  not  addressed  here.  Thus,  the 
term  Qs  is  zero  during  discharge  as  well. 

In  short,  in  the  case  of  a  Li-ion  battery,  Eq.  (19)  can  be 
replaced  by  Eq.  (20)  depending  on  use  restrictions.  It  should 
be  noted,  however,  that  as  stated  above,  the  dominant 
thermal  factors  are  different  during  charge  and  discharge. 

Qt  =  Qi  +  Qp  +  Qj  =  nFT  +  Qp  +  Q,  (20) 

5.2.  Analysis  of  thermal  behavior  factors 

5.2.1.  Reaction  heat  value:  Qr 

The  reaction  heat  during  charge  in  a  Li-ion  battery 
corresponds  to  the  heat  absorbed  when  lithium  ions  from 
the  positive  electrode  are  intercalated  by  the  negative  elec¬ 
trode.  In  addition,  a  quantity  of  heat  equivalent  to  this  is 
generated  during  discharge.  If  total  generated  heat  in  Eqs.  (1) 
and  (2)  is  Gi  (kJ/mol)  and  battery  charge  current  is  7C,  then 
the  corresponding  reaction  heat  value  per  unit  time  ( Qr )  is  as 
expressed  in  Eq.  (21)  for  the  charging  process  of  Eq.  (3).  In 
this  process,  the  exothermic  reaction  will  not  appear,  but  the 
endothermic  reaction  will  be  observed.  Thus,  reaction  heat 
value  per  unit  time  is  expressible  with  a  first-order  function 
of  charge  current. 

Qr  =  (F/f‘00)/c  =  -3.37  x  1( r2QJe  (kJ/h)  (21) 

5.2.2.  Polarization  heat  value:  Qp 

The  reason  that  polarization  results  in  a  discrepancy  with 
theoretical  electromotive  force  in  an  actual  battery  reaction 
is  that  energy  is  required  for  the  diffusion  and  movement  of 
atoms  in  the  battery  reaction  process.  Lithium  ions  have  a 
low  chemical  diffusion  coefficient  of  5  x  1(T9  cm2/s  [11], 
and  so  diffusion  and  movement  inside  the  electrodes  are  the 
predominant  factors.  Also  discussed  in  Section  3,  the  elec¬ 
trode  surface  degradation  accompanying  the  cycle  also 
increases  polarization.  Thus,  the  key  to  controlling  heat 
generation  is  a  structural  design  that  reduces  polarization. 

7?pd,  the  polarization  resistance  component  that  accom¬ 
panies  this  polarization  during  discharge  is  manifested  as 
the  polarization  resistance  component  corresponding  to  a 


portion  of  total  battery  resistance  during  discharge  (7?td),  and 
so  can  be  expressed  as  shown  in  Eq.  (22),  where  Re  is  the 
electrical  resistance  component.  Polarization  heat  value  per 
unit  time  (Qp d)  is  expressed  with  Eq.  (23),  where  7d  is  the 
discharge  current.  In  the  case  of  charging,  resistance  com¬ 
ponent  7?pd  and  current  value  7d  are  replaced  with  Rpc  and  7C, 
respectively,  yielding  Eqs.  (24)  and  (25). 


Rpd  =  Rtd  ~  Re  (22) 

Qpd  =  ijRpd  (W)  =  3.607d7?pd  (kJ/h)  (23) 

Rpc  :  R{c  —  Re  (24) 

Gpc  =  f-Rpc  (W)  =  3.6072flpc  (kJ/h)  (25) 


Because  this  heat  generation  is  manifested  as  total  Joule 
heat,  polarization  heat  values  (GPd  and  Gpc)  are  n°t  calcu¬ 
lated  directly,  but  rather  must  be  calculated  by  separating  the 
polarization  resistance  components  out  of  the  total  resis¬ 
tance  components  in  Eqs.  (22)  and  (24).  And  then  they  were 
calculated  as  the  heat  generation  corresponding  to  that 
resistance  component. 

5.2.3.  Joule  heat  of  the  electrical  resistance  component:  Qr 

Heat  generation  that  is  dependent  on  the  battery’s  internal 

resistance  is  manifested  as  Joule  heat.  However,  as  shown  in 
Eqs.  (22)  and  (24),  internal  resistance  comprises  electrical 
resistance  and  polarization-induced  reaction  resistance,  with 
the  heat  generated  being  the  total  of  the  two.  As  for  the  latter, 
as  stated  in  Section  5.2.2,  Joule  heat  generated  per  unit  time 
due  to  the  electrical  resistance  portion  is  expressible  with 
Eq.  (26),  where  7d  is  the  discharge  current.  Joule  heat  during 
charging  can  be  expressed  with  Eq.  (27)  by  replacing  7d  with 
7C  and  electrical  resistance  Red  with  7?ec. 

Gj  =  ijRed  (W)  =  3.607d7?ed  (kJ/h)  (26) 

Gj  =  I^Rec  (W)  =  3.60727?ec  (kJ/h)  (27) 

Thus,  reducing  this  Joule  heat  necessitates  a  material 
design  and  a  structural  design  that  minimize  the  battery’s 
electrical  resistance  component  (Re),  which  is  determined  by 
the  current  network  linking  the  collector  and  the  electrode 
active  material  by  the  separator  (a  nonconductive  material) 
and  the  electrolyte  among  others.  As  Fig.  6  shows,  Rld 
changes  depending  on  the  discharge  condition  (DOD), 
increasing  in  the  zone  where  the  DOD  value  is  large.  Here, 
50%  DOD  is  defined  as  the  baseline  value  of  1.0. 

As  Fig.  7  shows,  the  PC/DMC/LiPF6  electrolytes  com¬ 
monly  used  in  Li-ion  batteries  have  an  electric  conductivity 
that  varies  depending  on  temperature.  A  shift  in  battery 
temperature  to  the  low-temperature  side  therefore  increases 
the  battery’s  internal  resistance. 

5.2.4.  Heat  balance  during  charge  and  discharge 

5. 2.4.1.  Heat  balance  during  charge.  Based  on  the  above 
and  using  Eq.  (20),  charge  heat  balance  per  unit  time  ( Qc )  is 
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Fig.  6.  Relationship  between  DOD  and  internal  resistance  ratio, 
expressed  with  Eq.  (28). 

Qc  =  Qr  +  Gpc  +  Q,  =  -3.73  X  1O-20!/c  +  3.60/2flpc 

+  3.60/2tfec  =  —3.73  x  KT2G,/c  +  3.60 f~Rtc  (kJ/h) 

(28) 

5. 2. 4. 2.  Heat  balance  during  discharge.  Similarly, 
discharge  heat  balance  per  unit  time  ( Qd )  is  expressed 
with  Eq.  (29). 

Gd  =  Qr  +  GPd  +  Gj  =  3.73  x  10-2Gi/d  +  3.60/2flpd 
+  3.60/^ed  =  3.73  x  10~2Gi/d  +  3.60/^td  (kJ/h) 

(29) 

5.2.5.  Changes  in  reaction  heat  and  Joule  heat 
according  to  current  value 

Here,  Eqs.  (28)  and  (29)  are  used  to  analyze  changes  in 
reaction  heat  and  Joule  heat  according  to  current  value.  In 
Eq.  (28),  the  first  term  is  the  endothermic  reaction  heat;  the 
second  term,  exothermic  Joule  heat.  The  first  term  in  Eq.  (29) 
is  the  exothermic  reaction  heat.  This  relationship  is  shown  in 
Fig.  8. 

The  generated  heat  (Gi)  and  internal  resistance  (Rt) 
contained  in  the  first  and  second  terms  change  depending 


Fig.  7.  Battery  temperature  dependence  on  electric  conductivity  of  1.0  M 
PC/DMC/LiPF6  electrolyte. 


charge  region  discharge  region 


Fig.  8.  Heat  intake  and  release  model  of  Li-ion  batteries  during  charge  and 
discharge  process. 

on  DOD.  Here,  each  term’s  heat  generation  is  calculated  for 
50%  DOD,  a  representative  value.  Gi  is  9.39  kJ/mol  while 
internal  resistance  (Rt)  depends  on  battery  size:  1-2  mQ  per 
EV  cell,  3-5  mil  per  HEV  cell.  As  these  are  test  calcula¬ 
tions,  changes  in  the  reaction  heat  and  endothermic  Joule 
heat  during  discharge  were  calculated  with  a  value  of 
1.2  mQ  for  80  Ah  EV  cells  and  4  mQ  for  3  Ah  HEV  cells 
(Fig.  9). 

During  charge,  the  heat  of  reaction  is  endothermic.  In  the 
case  of  the  Li-ion  battery  for  EV,  the  endothermic  heat  of 
reaction  exceeds  the  exothermic  Joule  heat  up  to  70  or  80  A. 
Thus,  Gc >  the  value  of  heat  during  charge,  is  negative,  and  the 
battery  temperature  drops.  During  discharge,  however,  both 
the  heat  of  reaction  and  Joule  heat  are  exothermic,  and  the 
temperature  rises  continuously.  In  a  Li-ion  battery,  the 
temperature  increase  due  to  the  reaction  heat  makes  a  large 
contribution  to  total  temperature  increase  up  to  70  or  80  A, 
but  beyond  that,  the  contribution  of  Joule  heat  is  larger. 

In  contrast,  a  low-capacity  Li-ion  battery,  such  as  one 
designed  for  HEVs,  has  a  larger  internal  resistance  than  a 


/ :  Current  (A) 

Fig.  9.  Relationship  between  current  and  heat  value.  (#)  Reaction  heat 
value  at  discharge  process  of  Li-ion  batteries;  (O)  reaction  heat  value  at 
charge  process  of  Li-ion  batteries;  (♦)  Joule  heat  value  of  80  Ah  prismatic 
Li-ion  batteries  for  EV;  (O)  Joule  heat  value  of  3  Ah  cylindrical  Li-ion 
batteries  for  HEV. 
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Li-ion  battery  for  EV,  and  so  the  contribution  of  exothermic 
Joule  heat  exceeds  that  of  the  reaction  heat  at  about  20-30  A. 
In  short,  a  Li-ion  battery  for  HEV  has  a  greater  frequency 
occurrence  of  large  currents  of  20  A  or  higher,  and  so 
internal  resistance  must  be  reduced  in  order  to  prolong 
battery  longevity. 

6.  Comparison  of  simulation  and  actual  measurements 

This  section  compares  actual  measurements  with  the 
results  of  heat  generation  simulation  performed  using 
Eqs.  (28)  and  (29).  From  battery  output  ( W)  in  the  vehicle 
driving  mode  in  Fig.  10,  mode  current  value  was  calculated 
with  Eq.  (30),  after  which  heat  generation  was  calculated 
with  Eq.  (28)  for  negative  current  values.  Eq.  (29)  was  used 
for  positive  current  values.  Here,  Ec  was  obtained  from  the 
relation  between  cell  voltage  and  DOD,  then  1.2  mfl  for 
80  Ah  EV  cell  was  applied  for  Rt. 

\Ee  -  (E;  -4RtW)l/2} 

1  =  (30) 

Z/V[ 

As  in  Eq.  (31),  this  heat  generation  value  was  divided  by  C 
(kJ/K)  (battery  heat  capacity)  to  arrive  at  AT,  battery  tem¬ 
perature  change  per  unit  time.  In  accordance  with  the  battery 
component  materials,  a  value  of  3.42  (kJ/K)  was  used  for 
battery  heat  capacity.  As  Fig.  11  shows,  the  accuracy  of 
simulation  was  improved  by  also  including  thermal  radiation 
rate  per  unit  time  ( Tr )  at  25°C  in  an  insulated  state. 

AT  =  ^-Tr  (K/h)  (31) 

The  results  of  simulation  are  shown  in  Fig.  12  along  with 
the  actual  measurements.  The  actual  measurements  which 
were  taken  with  a  large  80  Ah  Li-ion  battery  for  EV  wrapped 
in  insulating  material  and  so  indicate  a  battery  temperature 
in  a  state  approaching  an  insulated  one  correspond  well  with 
the  results  of  simulation.  The  reason  for  the  slight  discre¬ 
pancy  between  the  simulation  results  and  actual  measure¬ 
ments  starting  at  70%  DOD  is  that  the  value  of  internal 


0  1  000  2  000  3  000  4  000 

Time  (sec) 

Fig.  10.  Vehicle  test  mode. 
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Fig.  1 1.  Correlation  between  battery  temperature  and  radiation  heat  with 
an  adiabatic  state. 
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Fig.  12.  Comparison  of  measured  heat  value  with  simulation  data. 

resistance  Rt  at  50%  DOD  was  used  throughout  the  simula¬ 
tion  process  for  the  purpose  of  simplification. 

In  actuality,  internal  resistance  varies  depending  on  DOD, 
showing  a  particularly  large  increase  in  the  high  DOD  zone 
(Fig.  6).  In  other  words,  the  simulated  values  were  slightly 
larger  than  the  measured  values  in  the  high  DOD  zone 
because  the  internal  resistance  value  used  in  the  simulation 
was  lower  than  actual  internal  resistance. 

The  preceding  verifies  the  theoretical  correctness  of  the 
results  of  exothermic  behavior  analysis  described  in  Section 
5.  Although  the  simulation  described  in  this  paper  assumed  a 
Li-ion  battery  for  EV  applications,  similar  trial  calculations 
are,  of  course,  also  possible  for  HEV  applications,  as  well. 

7.  Conclusion 

Thermodynamic  analysis  of  battery  reactions  permitted 
the  fine  categorization  of  the  specific  heat  generation  factors 
listed  below,  and  the  estimation  of  a  battery’s  exothermic 
properties. 

1.  Heat  generation  factors  can  be  divided  into  three  types: 
reaction  heat  ( Qr ),  polarization  heat  (<2P),  and  Joule  heat 
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(Qj),  expressible  as  gr  =  3.73  x  10 ~2Q\I,  Qp  =  3.60RpI2, 
and  Qj  =  3.60 ReI2. 

2.  When  used  as  the  positive  electrode,  LiCoCL  results  in 
an  endothermic  reaction  heat  value  during  charge.  In  a 
large,  80  Ah  Li-ion  battery  for  EV,  this  endothermic 
reaction  heat  exceeds  the  exothermic  Joule  heat  with  a 
current  value  of  up  to  70  or  80  A,  resulting  in  a  negative 
value  for  charge  heat  (Qc). 

3.  Further  categorizing  the  heat  generation  factors  into 
charge  and  discharge  factors  and  performing  simulation 
using  these  values  yield  results  that  corresponded  well 
with  actual  measurements,  thereby  verifying  the  correct¬ 
ness  of  this  analytic  method. 


8.  Notes 

The  author’s  analysis  of  exothermic  behavior  mechanism 
not  only  made  it  possible  to  quantitatively  analyze  heat 
generation  by  a  Li-ion  battery  under  actual  load  conditions, 
but  also  provided  guidelines  for  the  design  of  Li-ion  bat¬ 
teries  for  electric  and  hybrid  vehicles.  It  is  hoped  that  this 


paper  will  help  further  efforts  to  develop  batteries  for  HEV 
and  EV  applications. 
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